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Molecular dynamics simulation of graphene on Cu(111) with different Lennard-Jones
parameters
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The interaction between graphene and copper (111) surface have been investigated using the
molecular dynamics simulations. We have shown that it is possible to fit Lennard-Jones potential
leading to the correct values of the binding energy and the binding distance and, at the same time,
yielding experimentally observed Moire´ superstructures. The dependencies of the binding energy,
the binding distance and the graphene thickness on the parameters of the potential and the rotational
angle are presented.
PACS numbers: 61.48.Gh, 68.65.Pq.
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I. INTRODUCTION
Since the investigations of Novoselov et al. [1–3] were
published, graphene has become one of the most popular
subject of scientific researches due to its unique physical
properties [4–8]. However, for the technical applications
of graphene it is necessary to develop an effective method
for producing highly crystalline wafer-scale graphene.
The catalytic chemical vapor deposition (CVD) of car-
bon precursors is one of the most widespread methods
that have been used to grow wafer-scale graphene [9].
CVD is widely known to involve the decomposition of a
carbon feedstock, either hydrocarbons or polymers, with
the aid of heat and metal catalysts [10, 11]. Various met-
als, such as Cu, Ni, Pt, Ru, and Ir, have been proven to
catalyse the growth of graphene.
The growth mechanism of graphene on Cu is quite dif-
ferent from the others, because the solubility of carbon in
the Cu bulk is very low, and the mobility of carbon can be
concluded to be a purely surface-based process [12]. As a
result, the growth of graphene on Cu is surface mediated
and the limited diffusion of carbon into the Cu bulk is
occurred [13–15]. Graphene can be nucleated on various
crystal facets on Cu [16], however, the Cu(111) surface is
more preferable for the synthesis of high quality mono-
layer graphene [17]. Two predominant graphene orien-
tations on Cu(111) have been observed [18]: one with
zero rotational angle Θ and large Moire´ pattern (∼ 6.6
nm periodicity) and another with Θ ≈ 7◦ and smaller
Moire´ pattern (∼ 2 nm periodicity). Moire´ superstruc-
tures with another rotational angle (Θ = 10.4◦) are also
observed [19].
The most widely used theoretical methods for the in-
vestigation of graphene growth on metal surfaces are
the density functional theory (DFT) and the molecu-
lar dynamics (MD). DFT calculations are usually used
for investigation of adsorption of carbon atoms, dimers
and planar sheets of graphene on metal surfaces, while
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MD is more appropriate for studying graphene proper-
ties at the mesoscopic scale. A lot of recent DFT calcu-
lations [20–28] prove that graphene and Cu(111) surface
attract each other by van der Waals forces. However,
the numerical values of binding energies Eb and bind-
ing distances d of graphene on Cu(111) surface are quite
different for different forms of the exchange-correlation
functional. For example, the local density approximation
(LDA) gives the following values of binging energy Eb
(in meV/atom): −33 [21], −35 [22], −39 [27], −57 [23],
−69 [26], −70 [20]; the generalized gradient approxima-
tion (GGA) leads to unstable configurations with posi-
tive binding energies [26, 27]; and the usage of the van
der Waals density functional (vdW-DF) approximation
leads to the following Eb (in meV/atom): −38 [22, 26],
−180 [25]. The values of binding distances d of graphene
on Cu(111) surface vary from 2.23 A˚ [26] to 3.26 A˚ [21]
in LDA; from 2.96 A˚ [25] to 3.67 A˚ [26] in vdW-DF ap-
proximation; and from 3.63 A˚ [27] to 3.91 A˚ [26] in GGA.
Summarizing these results, one can see that DFT calcu-
lations lead to ambiguous values of the binding energy
Eb ≈ −30 ÷ −180 meV/atom and the binding distance
d ≈ 2.2 ÷ 3.9 A˚ of graphene on Cu(111). This ambigu-
ity dives us some freedom in the fitting of interatomic
potentials.
MD simulations of graphene on Cu surfaces allow to
investigate such interesting phenomena as the formation
of Moire´ superlattices [19, 29], peeling and folding of
graphene [29], interaction of graphene with metal clus-
ters [30], and also jumping of metal nanodroplets [31].
Usually, the Lennard-Jones (L-J) potential
VLJ(rij) = 4ǫ
[(
σ
rij
)12
−
(
σ
rij
)6]
(1)
is used to describe van der Waals interaction between
carbon and Cu atoms, where rij is the distance between
the atoms i and j, ǫ and σ are the L-J parameters. The
investigation [29] showed that parameters ǫ = 0.0168 eV
and σ = 2.2 A˚ lead to values of Eb and d which agree
with the results of DFT calculations [23]. However, the
binding energy of graphene on Cu(111) surface has only
2one minimum at Θ = 0◦. This result is in contradic-
tion with the experimental data [18]. Su¨le et al. have
fitted the Abell-Tersoff-like angular-dependent potential
for the C-Cu interaction [19] and shown that the binding
energy of graphene on Cu(111) surface has local min-
ima at the following Θ: 0.0◦, 2.2◦, 6.7◦, 8.7◦, 10.4◦, and
16.1◦. It is necessary to underline that only three from six
orientations have been observed experimentally [18, 19].
Besides, we have some doubts that the Abell-Tersoff po-
tential can correctly describe van der Waals interaction.
In this paper we will show that it is possible to fit L-J
potential which leads to the correct values of Eb and d
and, at the same time, gives two different Moire´ super-
structures with rotational angles Θ ≈ 0◦ and Θ ≈ 7◦.
The paper is organized as follows. In Section II, we
present our model used for the simulations. In Sec-
tion III, we concentrate on the investigation of Moire´
superstructures of graphene on Cu(111) surface at differ-
ent L-J parameters of the C-Cu interaction. We conclude
our paper in Section IV.
II. COMPUTATIONAL METHOD
MD simulations are applied for the investigation of
Moire´ superstructures of graphene on Cu(111) surface.
Carbon and copper atoms are described as classical par-
ticles interacting through interatomic potentials. Widely
used Tersoff-Brenner (T-B) interatomic potential [32, 33]
is used to describe the carbon-carbon interaction. In the
T-B potential, the total energy of the carbon-carbon in-
teraction is expressed as
VC−C =
∑
i
∑
j>i
(
VR(rij)− B¯ij · VA(rij)
)
, (2)
where rij is the distance between the carbon atoms i and
j, VR and VA are the repulsive and attractive energies
VR(rij) =
De
S − 1e
−
√
2Sβ(rij−Re)fc(rij), (3)
VA(rij) =
DeS
S − 1e
−
√
2/Sβ(rij−Re)fc(rij), (4)
B¯ij is the many-body coupling parameter
B¯ij =
1
2
(Bij +Bji), (5)
Bij =

1 + ∑
k 6=i,j
G(θijk)fc(rik)


−δ
. (6)
The cutoff function fc(rij) has the form
fc(rij) =


1, rij < R1,
1
2
{
1 + cos
[
pi(rij−R1)
(R2−R1)
]}
, R1 < rij < R2,
0, rij > R2,
(7)
and the angle function G(θijk) is
G(θijk) = a0
(
1 +
c20
d20
− c
2
0
d20 + [1 + cos θijk]
2
)
, (8)
where θijk is the angle between the bonds i− j and i−k.
We use the following parameters [33]: De = 6.325 eV,
S = 1.29, β = 1.5 A˚−1, Re = 1.315 A˚, R1 = 1.7 A˚,
R2 = 2.0 A˚, δ = 0.80469, a0 = 0.011304, c0 = 19.0,
d0 = 2.5.
The copper-copper interatomic potential is formu-
lated in second moment of the tight-binding approxima-
tion [34]. In this approximation, the attractive term UB
(band energy) contains the many-body interaction. The
repulsive part UR is described by pair interactions (Born-
Mayer form). The total copper-copper energy VCu−Cu is
the sum of the band energy and repulsive part:
VCu−Cu =
∑
i
(U iR + U
i
B), (9)
U iR = A
∑
j
exp
(
−p
(
rij
r0
− 1
))
fc(rij), (10)
U iB = −ξ

∑
j
exp
(
−2q
(
rij
r0
− 1
))
fc(rij)


1/2
,
(11)
where rij is the distance between the copper atoms i and
j, ξ is an effective hopping integral, p and q describe the
decay of the interaction strength with distance between
atoms, and r0 and A are adjustable parameters of in-
teratomic interaction. The cutoff function fc(rij) is the
same as in the T-B potential (7). The interatomic po-
tential reproduces the bulk and surface properties of cop-
per. Reliability of this potential for the copper surfaces
has been demonstrated [35–37]. The following parame-
ters are used in our calculations [34]: A = 0.0854 eV,
ξ = 1.2243 eV, p = 10.939, q = 2.2799, r0 = 2.5563 A˚,
R1 = 6.5 A˚, R2 = 7.5 A˚.
In our work, we examine the ability of L-J potential to
describe the interaction between graphene and Cu(111)
surface. Thus, the total energy of carbon-copper interac-
tion is
VC−Cu =
∑
i
∑
j>i
VLJ (rij)fc(rij), (12)
fc(rij) is the cutoff function (7) with parameters R1 =
6.5, R2 = 7.5. We vary the parameter ǫ from 0.008 to
0.03 eV and σ from 1.8 to 3.6 A˚.
The Moire´ superstructures of graphene on Cu(111) sur-
face are computed by means of the MD. The Cu slab
consists of eight layers with 8600 atoms each. Two bot-
tom layers are fixed and periodic boundary conditions
are applied in the surface plane. A graphene disk with
the diameter of 20 nm is put onto the copper surface
3FIG. 1. Schematic illustration of the calculation cell. (a)
A graphene disc (blue color) on Cu(111) surface (red color).
Carbon atoms within the edge ring (light blue color) are
not accounted in the energy calculations. (b) Close view of
graphene on Cu(111). Angle Θ is defined as the angle be-
tween the armchair edge of graphene and the [1¯10] direction
of copper (X direction of the calculation cell).
(see Figure 1a). To avoid boundary effects for graphene,
the diameter of the disc is 2 nm smaller than the lateral
length of the calculation cell. A series of MD simula-
tions have been carried out for the different parameters
ǫ and σ, and rotational angles Θ, where Θ is the angle
between the horizontal direction of the calculation cell
and the zig-zag direction of graphene, as shown in Fig-
ure 1b. We vary the angle Θ from 0◦ to 11◦. To obtain
the binding energy between graphene and Cu(111) sur-
face, we first relax the sample at the temperature of 300
K for 15 ps (30000 time steps). At this step we employ a
chain of Nose´-Hoover thermostats to simulate the canon-
ical ensemble [38–40]. After that, the minimum of the
energy of the carbon-copper system at the zero temper-
ature is found by means of molecular statics method. To
eliminate possible edge effects, the binding energy is cal-
culated only for the inner area of the graphene disk with
the diameter of 18 nm.
FIG. 2. The binging energy Eb normalized by the number of
carbon atoms (a) and the binding distance d (b) as a function
of the parameters σ and ǫ of the L-J potential. The rotational
angle Θ = 0◦.
III. RESULTS AND DISCUSSIONS
The dependence of binding energy Eb on the parame-
ters of the L-J potential is shown in the figure 2a. It is
clear that |Eb| increases monotonically with the growth
of the parameters σ and ǫ. The dependence of |Eb| on the
parameter σ becomes stronger with increasing ǫ. And the
dependence of |Eb| on the parameter ǫ becomes stronger
with increasing σ. The minimal value of the binding en-
ergy Eminb = −270 meV/atom is reached at σ = 3.6 A˚
and ǫ = 0.03 eV. And the maximal value of the binding
energy Eminb = −20 meV/atom is reached at σ = 1.8
A˚ and ǫ = 0.008 eV. The dependence of the binding dis-
tance d on the parameters of the L-J potential is shown in
the figure 2b. The binding distance d increases in direct
proportion with the parameter σ. The binding distance
varies from 1.7 A˚ (σ = 1.8 A˚) to 3.5 A˚ (σ = 3.6 A˚).
4FIG. 3. The map of the L-J parameters. The binding energy
of graphene on Cu(111) has minima at different rotation an-
gles Θ for different areas of the map. Red area: Θ = 1◦. Yel-
low area: Θ = 1◦, 8◦. Green area: Θ = 1◦, 8◦, 10◦. Blue area:
Θ = 1◦, 6◦, 8◦, 10◦. Dark-blue area: Θ = 1◦, 3◦, 6◦, 8◦, 10◦.
The point in the red area represents the L-J parameters used
in paper [29]; the points in other areas are chosen arbitrarily.
The dependence of d on the parameter ǫ is very weak.
Comparing our results with the results of DFT calcula-
tions [20–27] we see that there is a wide region of L-J
parameters giving the appropriate values of the binding
energy Eb and the binding distance d of graphene on
Cu(111).
The region of L-J parameters which gives the binding
energy Eb = −30÷ −180 meV/atom is presented in the
figure 3 as a two-dimensional map. Different colors repre-
sent the L-J parameters leading to different local minima
of the binding energy as a function of the rotation angle
Θ. The point in the red area represents the L-J parame-
ters used in paper [29]. The other points are chosen in the
middle of each area. Figure 4 shows that the L-J param-
eters from the red area lead to only one local minimum
of the binding energy Eb = −62 meV/atom at Θ = 1◦.
This result is in a good agreement with the previous re-
sults [29]: Eb = −59 meV/atom at Θ = 0◦. The small
difference is caused by two factors: (i) we use another
type of Cu-Cu interatomic potentials and (ii) we vary the
rotation angle Θ with smaller step ∆Θ = 1◦. This result
is in a contradiction with the experimental data [18]. In
the yellow area the binding energy has two local minima:
the global minimum at Θ = 1◦ and the small local mini-
mum at Θ = 8◦. The local minima becomes deeper with
increase of the parameter ǫ. The existence of two min-
ima of the binding energy leads to two possible graphene
orientations. This result is in a agreement with the exper-
imental data [18]. In the green area the binding energy
has three local minima: the global minimum at Θ = 1◦
and two small local minima at Θ = 8◦ and Θ = 10◦.
Thus, three different graphene orientations are possible.
FIG. 4. The binding energy Eb normalized by the number
of carbon atoms as a function of the rotation angle Θ for
different L-J parameters.
This result is in a good agreement with the experimental
data [19]. In the blue area the binding energy has four
local minima: the global minimum at Θ = 1◦ and three
small local minima at Θ = 6◦, 8◦, 10◦. And in the dark-
blue area the binding energy has five local minima: the
global minimum at Θ = 1◦ and four small local minima
at Θ = 3◦, 6◦, 8◦, 10◦. The graphene orientations with
the rotation angles Θ = 3◦, 6◦ have not been observed
experimentally. However, the L-J parameters from the
dark-blue area lead to the same results as presented in
the theoretical part of the paper [19].
Figures 5 and 6 show the dependencies of the binding
distance d and the thickness of graphene ∆d on the rota-
tion angle Θ for different L-J parameters. The presented
dependencies have some general features. The binding
distance d has the minimum at Θ = 1◦ and the maximum
at Θ ≈ 8◦ ÷ 9◦. The difference dmax − dmin decreases
monotonically with the increase of the L-J parameter σ.
In the red area dmax−dmin ≈ 0.04 A˚ and in the dark-blue
area dmax − dmin < 0.01 A˚. The thickness of graphene
∆d decreases monotonically with increase of the L-J pa-
rameter σ and the rotation angle Θ.
5FIG. 5. The binding distance d as a function of the rotation
angle Θ for different L-J parameters.
To calculate the Moire´ superstructures we chose the
point ǫ = 0.016 eV, σ = 3.0 A˚ from the green area of
the map. Figure 7 shows the Moire´ superstructures with
the rotational angles Θ = 1◦, 8◦, 10◦. The Moire´ pattern
has a periodicity of ∼ 6.0 nm if Θ = 1◦, ∼ 1.7 nm if
Θ = 8◦, and ∼ 1.4 nm if Θ = 10◦. These results are in
a good agreement with experimental data [18, 19]. The
Moire´ patterns for the L-J parameters from the yellow
area look very similar.
IV. CONCLUSION
Summarizing the results discussed above we want to
underline that all L-J parameters presented in the map
(Figure 3) lead to the binding energies Eb = −30÷−180
meV/atom and the binding distances d = 1.7÷3.5. These
values of the binding energy and the binding distance are
in a agreement with the results of different DFT calcula-
tions [20–27]. On the other hand, we have found five dif-
ferent areas on the map. In each area the binding energy
FIG. 6. The thickness of graphene ∆d as a function of the
rotation angle Θ for different L-J parameters.
Eb has the different number of local minima. In partic-
ular, we have found two areas where the binding energy
has two minima (at the rotation angles Θ = 1◦, 8◦) and
three minima (at the rotation angles Θ = 1◦, 8◦, 10◦).
These results correlate with the experimental observa-
tions of the Moire´ patterns with the rotational angles
Θ = 0◦, 7◦ [18] and Θ = 0◦, 7◦, 10.4◦ [19]. In this way, we
demonstrate that it is possible to fit L-J potential leading
to the correct values of Eb and d and, at the same time,
yielding experimentally observed Moire´ superstructures.
It is very important that the L-J potential can be fitted
to agree with experimental data, because the applying
of a such simple potential allows substantially decrease
the calculation cost for large systems. We believe that
results reported here will be useful for future numerical
calculations.
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